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The Critical Role of the Universally Conserved
A2602 of 23S Ribosomal RNA in the Release of the
Nascent Peptide during Translation Termination
the formation of a new peptide bond and the transfer
of the peptidyl residue to the amino acid of A site bound
tRNA. The entropic contribution of the peptidyl trans-
ferase ribozyme apparently provides the main catalytic
factor of peptide bond formation (Nierhaus et al., 1980;
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Much less is known about the molecular events in- Tokyo 108-8639
volved in translation termination. Similar antibiotic sen- Japan
sitivityandpHdependenceprofilesofthepeptidyl-tRNA
hydrolysis and transpeptidation reactions suggest that
both reactions are a function of the ribosomal peptidyl Summary
transferasecenter(Vogeletal.,1969;Caskeyetal.,1971;
Tate and Brown, 1992). However, the functioning of the The ribosomal peptidyl transferase center is responsi-
ribosomal peptidyl transferase during translation elon- ble for two fundamental reactions, peptide bond for-
gation and termination are markedly different. In con- mation and nascent peptide release, during the elon-
trast to peptide bond formation, the release of the com- gation and termination phases of protein synthesis,
pleted polypeptide from the peptidyl-tRNA is directly respectively. We used in vitro genetics to investigate
assistedinvivobyproteinscalledclass1releasefactors the functional importance of conserved 23S rRNA nu-
(RFs). When a RF binds to the ribosome in response to cleotideslocated inthepeptidyltransferase activesite
the presence of a stop codon in the decoding site of for transpeptidation and peptidyl-tRNA hydrolysis.
the small ribosomal subunit, it is thought to reach into While mutations at A2451, U2585, and C2063 (E. coli
the peptidyl transferase center and, through a poorly numbering) did not significantly affect either of the
understood mechanism, trigger the hydrolysis of the reactions, substitution of A2602 with C or its deletion
peptidyl-tRNA ester bond (Frolova et al., 1999). The ex- abolished the ribosome ability to promote peptide re-
actcontributionoftheribosomeandtheRFtothecataly- lease but had little effect on transpeptidation. This
sis of peptide release remains unclear. The class I RFs indicates that the mechanism of peptide release is
contain a universally conserved GGQ sequence, which distinct from that of peptide bond formation, with
isthoughttointeractwiththepeptidyltransferasecenter A2602 playing a critical role in peptide release during
(Frolova et al., 1999; Ito et al., 2000), an assumption translation termination.
generally compatible with the recently solved crystallo-
graphic structures of eukaryotic and eubacterial class I Introduction
release factors (Song et al., 2000; Vestergaard et al.,
2001; Ehrenberg and Tenson, 2002). Some mutations in The large ribosomal subunit is responsible for two criti-
or near the GGQ sequence interfere with peptidyl-tRNA cal chemical reactions of protein synthesis—polymeri-
hydrolysis without impeding factor binding (Frolova et
zation of amino acids at the elongation stage of transla-
al., 1999; Song et al., 2000; Zavialov et al., 2002), leading
tion and peptidyl-tRNA hydrolysis during translation to the proposal that the glutamine residue of the GGQ
termination. These reactions occur in the peptidyl trans- sequence might play a direct role in the peptide release
ferase center whose active site is composed entirely of by positioning the water molecule for attack on the ester
RNA and thus can be viewed as a ribozyme (Nissen et bond of the P site bound peptidyl-tRNA (Frolova et al.,
al., 2000; Ban et al., 2000). 1999; Song et al., 2000). However, more recent muta-
During translationelongation, thepeptidyl transferase tional studies challenged this theory (Seit Nebi et al.,
center promotes the formation of new peptide bonds, 2000, 2001; Zavialov et al., 2002). Other models of termi-
thereby linking single amino acids into a polypeptide nation, which focus more on the ribosome itself, view
chain. Specific interactions between rRNA nucleotides the reaction of peptide release as a modified version of
constituting the peptidyl transferase center and tRNA the peptidyl transfer reaction where the peptidyl residue
molecules places the donor (peptidyl-) and acceptor istransferred toa watermolecule insteadofthe -amino
(aminoacyl-tRNA) substrates in an orientation suitable group of an aminoacyl-tRNA (Tate and Brown, 1992;
for peptidyl transfer. This allows the -amino group of Vogeletal.,1969;Caskeyetal.,1971;MadenandMonro,
the A site bound aminoacyl-tRNA to attack the carbonyl 1968). In this scenario, the RF serves an auxiliary func-
carbon atom of the ester bond linking the peptidyl resi- tion as a modulator of the peptidyl transferase center’s
due to the 3 end of the P site bound tRNA, resulting in activity.
In order to understand the relationship between the
two main reactions of the ribosomal peptidyl trans- *Correspondence: shura@uic.eduMolecular Cell
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Figure 1. The Mutations of the Universally Conserved Nucleotides in the Ribosomal Peptidyl Transferase Center Investigated in This Study
(A) The secondary structure of the central region of domain V of T. aquaticus 23S rRNA (Gutell et al., 2002) with the mutated positions indicated
by red characters and the mutations shown by arrows.
(B) Positions of the four nucleotides, C2063, A2451, U2585, and A2602, located in the crystallographic structure of the large ribosomal subunit
within 5.5 A ˚ of the putative location of the tetrahedral carbon atom (green sphere) of the peptidyl transfer transition state intermediate (Nissen
et al., 2000).
ferase, transpeptidation and peptide release, and to the tetrahedral intermediate (Nissen et al., 2000; Muth
et al., 2000). Additionally, A2451, U2585, and A2602 are identify the nucleotides that might be functionally rele-
vant for the peptidyl-tRNA hydrolysis, we investigated involved in binding antibiotics that affect peptidyl trans-
ferasefunction(Schlu ¨nzenetal.,2001;Porseetal.,1999; the effects of mutations at four residues of the peptidyl
transferase center of 23S rRNA, C2063, A2451, U2585, Vester and Garrett, 1988; La ´zaro et al., 1996; A.M., un-
published data). Though less is known about the func- and A2602 (Figure 1A). The nucleotide residues that
were included in our studies were chosen on the basis tional significance of C2063, the formation of the C2063-
A2450 wobble base pair was recently proposed to be of their proximity to the active site of the peptidyl trans-
ferase center (Figure 1B) as well as on phylogenetic and important for the pH-dependent component of catalysis
of peptide bond formation (Katunin et al., 2002). biochemical evidence for their functional importance.
In the atomic structure of the large ribosomal subunit We used the in vitro genetics approach to investigate
the relationship between the mechanisms of peptidyl complexed with a transition state analog, these are the
only nucleotides whose reactive groups are positioned transfer and peptide release and to gain insights into
the possible function role of C2063, A2451, U2585, and within 5 A ˚ of the putative tetrahedral carbon center (Fig-
ure 1B, green sphere) at which the reaction of peptide A2602 in these reactions. We found that while peptidyl
transfer tolerates base changes at any of the studied bond formation takes place (Nissen et al., 2000). All
four nucleotides are universally conserved. A plethora nucleotides, some mutations at A2602 specifically elimi-
nated the peptide release activity. This suggests a criti- of biochemical and structural data implicate at least
three of these nucleotides as functionally important for cal role of A2602 in the hydrolysis of peptidyl-tRNA and
hints at a distinct mechanism for the peptide release theactivityofthepeptidyltransferasecenter.Theacces-
sibility of A2451, U2585, and A2602 to chemical modifi- reaction as compared to transpeptidation.
cation is affected by binding of the peptidyl transferase
ligands (Moazed and Noller, 1989; Noller et al., 1990), Results
and chemical modification of A2451 or U2585 was
shown to weaken the binding of peptidyl-tRNA to the P Effects of Mutations in the 23S rRNA
on Peptidyl Transfer and RF-Dependent site (Bocchetta et al., 1998). Crystallographic studies
show that the orientation of these residues is affected Peptidyl-tRNA Hydrolysis
In agreement with their invariant nature, central location by the binding of the peptidyl transferase substrates
(Nissen et al., 2000; Schmeing et al., 2002), with A2602 in the active site of the peptidyl transferase center, and
putative functional importance, base alterations at at undergoing the most dramatic conformational transition
upon substrate binding (Nissen et al., 2000; A. Yonath least three out of the four investigated positions, A2451,
U2585, and A2602 (Figure 1A), are lethal in vivo (Thomp- and C. Duarte, personal communications). In the X-ray
structure of the 50S ribosomal subunit functional com- son et al., 2001; Green et al., 1997; Muth et al., 2000;
K.R. Lieberman and A.E. Dahlberg, personal communi- plexes, the N3 of A2451 is located within 4 A ˚ from the
tetrahedral center of the transition state analog and was cation). Therefore, in order to study the effects of the
mutations, we used an in vitro reconstitution system. proposedtodirectlyparticipateinthechemicalcatalysis
of the peptidyl transfer, acting as a general base-acid Functionally active T. aquaticus large ribosomal sub-
unitswereassembledfrominvitrotranscribed23SrRNA to promote the formation and subsequent resolution ofCritical Role of A2602 in Translation Termination
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(wild-typeormutant),5SrRNA,and50Ssubunitproteins Table 1. Relative Activity of Reconstituted Wild-Type and Mutant
(Khaitovich et al., 1999), and the reconstituted 50S sub- T.aquaticusRibosomes intheReactionsof PeptideBondFormation
unitswerereassociatedwith native30Ssubunitstoform and RF-Dependent Peptidyl-tRNA Hydrolysis
70S ribosomes. The reconstituted wild-type 50S sub-
Peptide Bond RF1-Mediated
unitswereshownpreviouslytobeactiveinseveraltrans- Formationa,b Hydrolysisa,c
peptidation assays as well as in a poly(U)-dependent
2602 cell-free translation system (Khaitovich et al., 1999;
A 100 100
Khaitovich and Mankin, 2000; Polacek et al., 2001). Al-  91  10
though the peptidyl transferase activity of the in vitro C7 3  20
reconstituted subunits was usually only 10%–20% of G 106  12 8  1
U 103  91 6  1 that of the native large ribosomal subunits when mea-
2585 suredina classic“fragmentreaction”assay, itwassuffi-
U 100 100 cient to assess the general ability of the in vitro reconsti-
A5 2  07 5  11 tuted wild-type or mutant ribosomes to catalyze the
C3 5  51 4  2
reaction (Khaitovich et al., 1999). Furthermore, control G3 0  22 1  4
experiments showed that characteristic features of the 2451
peptide release activity of reconstituted 50S subunits A 100 100
C5 0  11 27  6 alsoremained unchanged:the ribosome-catalyzedpep-
G4 4  10 52  1 tidyl-tRNA hydrolysis was stop codon- and RF-depen-
U3 3  64 7  1 dentandreadilyinhibitedbysparsomycinorhygromycin
2063
A (data not shown). The RF-dependent peptidyl-tRNA C 100 100
hydrolyzing activity of ribosomes containing in vitro as- A7 5  14 71  9
sembled subunits was about one half (52%  10%) of G6 5  77 8  10
U8 2  12 3  7 the activity of the native ribosomes.
Previously we have shown that T. aquaticus ribo- aActivity of reconstituted wild-type ribosomes in each experiment
somes harboring mutations at A2451, a nucleotide that was taken as 100%. Values shown represent an average of 2–3
hasbeenproposedtodirectlyparticipateinthechemical independent experiments.
bPeptidyl transferase activity was measured in a two-tRNA SPARK catalysis of transpeptidation (Nissen et al., 2000), retain
assay (Polacek et al., 2002). The incubation time, 25 min, corre- high levels of peptidyl transferase activity in several in
sponded to the slope of the kinetic curve of the reaction catalyzed vitro assays employing puromycin derivatives as an ac-
by reconstituted wild-type ribosomes.
ceptor substrate (Polacek et al., 2001). In the current cRF1-dependent hydrolysis assay was performed with radiolabeled
study we used a more physiological two-tRNA SPARK formyl-Met-tRNA as a peptidyl-tRNA analog under the conditions
assay (Polacek et al., 2002) in which both donor described in the Experimental Procedures. The incubation time, 2
min, corresponded to the slope of the kinetic curve of the reaction (N-biotinyl-Phe-tRNA)andacceptor([3H]Phe-tRNA)sub-
catalyzed by reconstituted wild-type ribosomes. strates contained full-size tRNAs and were bound to the
ribosomeinthepresenceofpoly(U)mRNA.Inagreement
with our previous results, all A2451 mutants efficiently
promoted the peptidyl transferase reaction, leading to
The effects of mutations at U2585 and C2063 were formation of the reaction product, N-biotinyl-Phe-
qualitatively similar to those of the A2451 mutations: the [3H]Phe-tRNA (Table 1).
mutant ribosomes exhibited reduced, but still signifi- For measuring the RF-dependent peptide release ac-
cant, levels of peptidyl transferase and peptide release tivity, radiolabeled formyl-Met-tRNA was bound to the
activities (Table 1). High transpeptidation activities of ribosomes in the presence of the mRNA analog UUC
the U2585 mutants were in agreement with the results AUG UAA, the peptidyl-tRNA hydrolysis was initiated
obtained previously with the Bacillus stearothermophi- by the addition of Thermus thermophilus RF1 (Ito and
lus in vitro reconstitution system (Green and Noller, Nakamura, 1997; Ito et al., 2000), and the release of
1999). These results suggest that neither U2585 nor formyl-methionine was quantified by scintillation count-
C2063 are vitally critical for any of the two reactions ing or by paper electrophoresis. Similar to their activity
catalyzed by the peptidyl transferase center. in the peptidyl transferase reaction, ribosomes with any
A different picture emerged with ribosomes con- base substitution at A2451 were readily able to hy-
tainingmutationsatpositionA2602.The2602Cmutation drolyze peptidyl-tRNA (Figures 2A and 2B). Though the
as well as the deletion of A2602 (A2602) completely activity of the mutant ribosomes was somewhat de-
eliminated RF1-dependent peptidyl-tRNA hydrolysis creased compared to the wild-type, the initial rate of
(Figure 2C). Even with prolonged incubation, we were peptidyl-tRNA hydrolysis differed no more than 6-fold at
unable to detect any ribosome-catalyzed release of for- 25C. The 2451U mutation is known to render ribosomes
myl-methionine from formyl-Met-tRNA. The other two resistant to chloramphenicol (Kearsey and Craig, 1981;
mutants (2602U and 2602G) also showed diminished Thompson et al., 2001). Indeed, while 250 M chloram-
peptide release activities, with the initial rates of the phenicol inhibited the peptide release activity of recon-
reaction reduced by a factor of 25 and 250, respectively stituted wild-type ribosomes by 50%, the ability of the
(Figure 2C). 2451U,2451Cand2451Gmutantstohydrolyzepeptidyl-
The severe effect of some of the 2602 mutations on tRNA remained unaffected (data not shown). This con-
thepeptidereleasedrasticallycontrastedthevirtuallack firms that the peptide release was indeed the function
of an effect of any of the 2602 mutations on the peptidyl of the mutant ribosomes rather than a result of contami-
nation with wild-type ribosomes. transferase activity of ribosomes coming from the sameMolecular Cell
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Figure 2. Peptidyl-tRNA Hydrolyzing Activity of the Ribosomes Carrying Mutations at Positions A2451 and A2602
(A) Phosphorimager exposure of an electrophoretic analysis of formyl-[35S]methionine released from formyl-[35S]Met-tRNA by reconstituted
wild-type or mutant (A2451) 70S ribosomes, or isolated 30S ribosomal subunits at indicated time points (seconds) of the reaction.
(B) The time course of formyl-methionine release catalyzed by ribosomes containing mutations at A2451. The plot points were obtained by
quantifying formyl-[35S]methionine spots on phosphorimager autoradiogram (average of two independent experiments). The background values
(amount of formyl-methionine released in the reaction containing only 30S subunits) were subtracted from all experimental data points.
(C) The time course of formyl-methionine release catalyzed by reconstituted wild-type or mutant ribosomes containing mutations at A2602
or the A2602 deletion ().
(D) Dependence of peptide release catalyzed by wild-type or 2602 mutant ribosomes on RF1 concentration. Incubation time was 2 min.
For the peptide release assay, T. aquaticus 50S subunits reconstituted with wild-type or mutant 23S rRNA were reassociated with native 30S
subunits and programmed with UUCAUGUAA mRNA; hydrolysis of the P site bound formyl-[35S]Met-tRNA (A, B, and C) or formyl-[3H]Met-
tRNA (D) was initiated by addition of RF1 (0.4 M). The reactions were stopped by adjusting pH to 1 (HCl); free formyl-methionine was extracted
into ethyl acetate phase and resolved by paper electrophoresis (A and B) or directly quantified by scintillation counting (C and D).
reconstituted pool. The mutant ribosomes containing suggests a critical and distinct role of A2602 in hydroly-
sis of peptidyl-tRNA during translation termination. One any of the three nucleotide substitutions at A2602 or the
deletion of this nucleotide (2602) exhibited essentially can envision at least two different scenarios of A2602
involvement: A2602 might be critical for RF binding and/ wild-type levels of transpeptidation activity in a two-
tRNA SPARK assay (Table 1) at least within the limita- or proper positioning of the RF in the peptidyl trans-
ferase active site; alternatively, A2602 could be directly tions of the in vitro reconstitution system (see Discus-
sion). Previousdata implicated A2602in bindingof spar- involved in the catalysis of peptidyl-tRNA hydrolysis.
In order to discriminate between the two models of somycin (Porse et al., 1999), a drug known to strongly
inhibit peptidyl transfer (Monro et al., 1969). Indeed, A2602 involvement in peptide release, we investigated
the rate of peptidyl-tRNA hydrolysis as a function of RF while thepeptidyl transferase activity ofwild-type native
ribosomes (see Figure 4) or in vitro assembled ribo- concentration. In the standard assay with reconstituted
ribosomes, the RF concentration (0.4 M) exceeds 20- somes was severely inhibited by sparsomycin, mutant
ribosomes carrying the 2602C, 2602U, or 2602 muta- fold the concentration required to saturate the reaction
catalyzed by the native T. aquaticus ribosomes. Further tions were resistant to the drug in the SPARK-Pmn reac-
tion (data not shown). Therefore, we are confident that (up to additional 10-fold) increase of the RF concentra-
tion did not compensate for the decreased peptide re- the high levels of the peptidyl transferase activity in our
experimentswereindeedattributabletothe2602mutant lease activity of the mutant ribosomes carrying the
A2602 mutations (Figure 2D). Thus, the compromised ribosomes rather than wild-type contamination.
activity of the 2602 mutants does not appear to be due
to diminished RF binding. A2602 Mutations Do Not Significantly
Perturb Ligand Binding To further verify whether the A2602 mutations directly
affect the ability of the ribosome to hydrolyze peptidyl- The dramatically different effect of base changes at
A2602 on peptide bond formation and peptide release tRNA as opposed to ligand binding, the activity of theCritical Role of A2602 in Translation Termination
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Table 2. Relative Activity of Reconstituted Wild-Type and 2602
Mutant T. aquaticus Ribosomes in the Reactions of Peptide Bond
Formation and RF-Independent Peptidyl-tRNA Hydrolysis
in the Presence of 30% Acetone
Peptide Bond RF-Independent
Formationa,b Hydrolysisa,c
2602
A 100 100
 78 0
C5 2 0
G7 9 0
U6 2 4
aActivity of reconstituted wild-type ribosomes in each experiment
was taken as 100%.
Figure 3. Binding of Deacylated tRNA to the A Site Stimulates RF- bPeptidyl transferase activity was measured in a two-tRNA SPARK
Independent Hydrolysis of Formyl-Met-tRNA
assay (Polacek et al., 2002) in the presence of 30% acetone, 25 min
RF-independent release of formyl-methionine from formyl-[35S]Met- incubation.
tRNA bound to the ribosomal P site in response to the presence of cRF1-independent hydrolysis was performed with radiolabeled for-
deacylated tRNAPhe (squares) or tRNATyr (triangles) cognate (filled myl-Met-tRNA as a peptidyl-tRNA analog under the conditions de-
symbols) or noncognate (open symbols) to the A site codon. 0.2 scribed in the Experimental Procedures. The incubation time, 1 hr,
pmol of formyl-[35S]Met-tRNA were bound to 7 pmol of native T. corresponded to the reaction plateau.
aquaticus ribosomes programmed with mRNAs placing an AUG
codon in the P site and either Gly (GGU), Tyr (UAC), or Phe (UUC)
codons in the A site. RF-independent hydrolysis was initiated by
the addition of 30% acetone and 10 pmol tRNAPhe or tRNATyr; the 2602 mutant ribosomes was tested in an RF-indepen-
release of formyl-methionine was monitored as described in Figures dent peptide release reaction. The assumption was that
2C and 2D. Legend is as follows: filled square, Phe (UUC) codon in if mutations affected RF binding, then the mutant ribo-
the A site/tRNAPhe; filled triangle, Tyr (UAC) codon in the A site/ somesshouldbeactiveinthefactor-independentassay, tRNATyr; open square, Gly (GGU) codon in the A site/tRNAPhe; open
while mutations affecting the catalytic mechanism triangle, Gly (GGU) codon in the A site/tRNATyr.
should severely compromise the activity irrespective of
whether RF-dependent or RF-independent assay is
used. The RF-independent peptidyl-tRNA hydrolyzing tially interact with either the E or A site of the ribosome
(Rheinberger et al., 1981; Kirillov et al., 1983; Moazed activityof theribosomecan beactivatedin thepresence
of deacylated tRNA and 30% acetone (Caskey et al., and Noller, 1989). In order to clarify occupation of which
site (A or E) by deacylated tRNA stimulates the peptide 1971). While reconstituted wild-type ribosomes showed
considerable activity in the RF-independent peptide re- release, native T. aquaticus 70S ribosomes containing
P site bound formyl-[35S]Met-tRNA were programmed lease reaction (77% of native ribosomes), the 2602C as
well as the 2602 deletion mutant remained completely with synthetic mRNAs that placed different codons in
the ribosomal A site, and limiting amounts of cognate inactive similar to what was observed in the RF1-depen-
dent reaction (Table 2). In addition, the 2602G mutant, or noncognate tRNA were used to stimulate formyl-Met-
tRNA hydrolysis (Figure 3). The results clearly demon- which in the RF1-mediated assay showed some activity,
was inactive in the RF-independent reaction. Only the stratedthatthepresenceoftRNAintheAsiteisrequired
to stimulate the peptide release—only deacylated tRNA 2602U mutant exhibited low residual activity (4%). This
observation agreed well with the previous conclusion cognate to the A site codon was able to stimulate the
reaction rate. Thus, the ligands of the RF-independent that the inability of the 2602 mutants to hydrolyze pepti-
dyl-tRNA was not due to reduced affinity of the RF to peptide release assay are similar to those of the two-
tRNA SPARK transpeptidation reaction, with the only the mutant ribosome in the standard assay. In contrast
tothe2602mutants,ribosomeswithmutationsatA2451, difference that aminoacyl-tRNA is required for trans-
peptidation, while deacylated tRNA is needed for the U2585, or C2063 were active in the RF-independent
assay; the relative activities were generally comparable peptide release. Since the 2602 mutant ribosomes from
the same reconstitution pool showed high activities in to those measured in the RF-mediated peptide release
(data not shown). the peptidyl transferase assays (in the absence or in the
presence of acetone; Tables 1 and 2), but were inactive Still, the possibility remained that base alterations at
A2602 interfered with binding of the reaction substrate, in RF-independent peptide release, the effect of the
mutations on the peptidyl-tRNA hydrolysis could hardly peptidyl-tRNA, and/or binding of deacylated tRNA in the
factor-independent hydrolysis reaction. To address this be explained by altered tRNA binding to either the P or
the A site. question, it was useful to compare the substrates of
the RF-independent peptide release, where several of Thus, the complete loss (with 2602C or 2602 mu-
tants) or the dramatic reduction (with 2602G and 2602U A2602 mutants were completely inactive, with the two-
tRNA SPARK transpeptidation reaction, where the same mutants) of the peptide release activity observed in both
the RF-mediated and the RF-independent assays does mutants showed high activities (Tables 1 and 2). In the
two-tRNA SPARK, N-protected aminoacyl-tRNA binds not appear to be related to the reduced ligand binding
and is more consistent with the direct involvement of to the ribosomal P site and acceptor aminoacyl-tRNA
binds in the A site. Under the conditions of the RF- A2602 in peptide release. Furthermore, the divergent
effectsofA2602mutations onpeptidyltransferandpep- independent peptide release assay, peptidyl-tRNA is
bound to the P site while deacylated tRNA can poten- tide release indicate that these two reactions are pro-Molecular Cell
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Figure 4. Antibiotic Sensitivity of the Reac-
tions of Transpeptidation, RF-Dependent
Formyl-Met-tRNA Hydrolysis, and RF-Inde-
pendent Formyl-Met-tRNA Hydrolysis
SPARK-Pmn assay (Polacek et al., 2002) was
used to monitor peptidyl transferase activity
(light gray bars). RF-dependent (black bars)
and RF-independent (dark gray bars) assays
are described in the Experimental Proce-
dures. The activity ofthe corresponding reac-
tions without antibiotics was taken as 100%.
Antibiotics were grouped according to their
inhibitoryactiononpeptidyltransferandpep-
tide release. Group I, strong inhibition of all
the reactions; group II, strong inhibition of
peptidyl transfer and moderate-to-weak inhi-
bition of RF-dependent or RF-independent
peptide release; group III, no strong inhibition of any of the reactions. All drugs were tested at 100 M final concentration except for
chloramphenicol, which was tested at 250 M. Antibiotics used were HygA, hygromycin A; Spa, sparsomycin; Cam, chloramphenicol; Crb,
carbomycin; Cln, clindamycin; Lnc, lincomycin; Pri II, pristinamycin II; Pri I, Pristinamycin I; Qnp, quinupristin; Ery, erythromycin; Tel, telithro-
mycin; RU, RU69874; Evn, evernimicin; Lin, linezolid.
moted by distinct elements of the ribosomal peptidyl streptogramin B-type drugs (pristinamycin I and quinu-
pristin) that stimulated transpeptidation had no effect transferase center.
on the peptidyl-tRNA hydrolysis. Though the disparity
in action of some antibiotics could be potentially due Differential Effects of Antibiotics on Peptide Bond
Formation and Peptide Release to the different nature of the A site substrates in the
peptidyl transfer and peptide release assays, the results The latter conclusion was corroborated by idiosyncratic
inhibition pattern of these two reactions by some antibi- were generally consistent with the idea that distinctive
features of the peptidyl transferase center may be re- otics.FollowingearlyexperimentswithE.coliribosomes
(Vogel et al., 1969), we examined the sensitivity of pep- sponsible for these two activities.
tide bond formation and nascent peptide release cata-
lyzed by native T. aquaticus ribosomes toward an ex- Discussion
tended collection of 50S subunit-targeted antibiotics. In
order to facilitate comparison with the previous data, a We studied the functional effects of mutations at four
universallyconservednucleotideslocatedincloseprox- puromycin-basedSPARK-Pmnassaywasusedtomoni-
tor peptide bond formation (Polacek et al., 2002) while imity to the peptidyl transferase active site and found
that only mutations at A2602 of 23S rRNA abolish the a standard formyl-Met release assay was used to moni-
tor the peptide release activity (see above). Finally, in hydrolysis of peptidyl-tRNA. Neither of the studied mu-
tations abolish peptide bond formation. These results order to eliminate possible effects of the drugs on RF
binding, we tested the antibiotic effects in the RF-inde- suggest a critical and distinct role for A2602 in peptide
release during termination of protein synthesis. pendent peptide release assay (Caskey et al., 1971). In
all three assays the P site was occupied by formyl-Met- The in vitro reconstitution system used in this study
provides a valuable advantage of obtaining ribosomes tRNA; the reactions were performed in the presence of
excess amounts (100 M) of antibiotics (250 M for carrying mutations at functionally important rRNA posi-
tions that are known to be lethal in vivo. It is important chloramphenicol) and stopped at a time point corre-
sponding to the slope on the time curve of the corre- to point out, however, the intrinsic limitations of this
system. Only small quantities of mutant 23S rRNA can sponding reactions.
In a general agreement with the data obtained pre- be prepared by in vitro transcription, which puts limits
on the amount of assembled ribosomes available for viouslywithE.coliribosomes(Caskeyetal.,1971),some
antibiotics,in particularhygromycin Aand sparsomycin, biochemical and kinetic studies. Additionally, due to
relatively inefficient in vitro assembly, the activities of strongly inhibited the activity of T. aquaticus ribosomes
in all three assays (3% of the control) at the tested in vitro reconstituted ribosomal subunits never reach
those of native ribosomes (20% and 50% for peptide concentrations (Figure 4, group I). Several other drugs
(group III), including macrolides (erythromycin, telithro- bond formation and peptide release, respectively). Fur-
thermore, the rates of the reactions catalyzed by in vitro mycin, RU 69874), evernimicin, and linezolid, did not
inhibit any of the studied reactions. Notably, however, assembledribosomesvariedsometimesbetweendiffer-
ent reconstituted pools (up to 5-fold). Therefore, a spe- a number of antibiotics (group II) strongly interfered with
the peptidyl transfer (less then 4% of the remaining cial effort was made to minimize the effects of such
variations. All mutant 23SrRNAs used in any experimen- activity)butwerenotablylessactiveininhibitingpeptide
release, especially in the RF-independent assay (more tal series were always transcribed in parallel reactions,
and wild-type and mutant ribosomes were assembled than 50% of the remaining activity). The difference was
especially dramatic with lincomycin and its derivative simultaneously. Most importantly, in every experiment,
ribosomes from the same assembly pool were always clindamycin, which completely failed to inhibit the fac-
tor-independent peptidyl-tRNA hydrolysis. In addition, tested in parallel in peptidyl transferase and peptideCritical Role of A2602 in Translation Termination
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Figure 5. The Putative Conformational
Switch at A2602 as a Trigger for Changing the
Mode of Activity of the Ribosomal Peptidyl
Transferase Center
Orientation of A2602 during translation elon-
gation allows for proper positioning of pep-
tidyl- and aminoacyl-tRNAs in the peptidyl
transferase center that makes peptidyl trans-
fer and a new peptide bond formation possi-
ble. Binding of the class 1 release factor (RF1
in the figure) in response to the presence of
a stop codon in the decoding site reorients
A2602. This places it in a position where its
reactive groups can potentially activate a wa-
ter molecule, facilitating its nucleophilic at-
tack on the carbonyl carbon atom of the pep-
tidyl-tRNA ester bond, thereby accelerating
the rate of peptidyl-tRNA hydrolysis.
release assays, so that the lack of activity in only one with ligand binding, it seems reasonable to conclude
that these mutations directly affect the ability of the of the two assays could not be attributed to assembly
failures. ribosome to catalyze the peptide release reaction.
The remarkable difference in the effects of A2602 mu- The peptidyl transferase assay showed that in spite
of the central position of the residues C2063, A2451, tations on peptidyl transfer and peptide release may
reflect the idiosyncratic nature of the chemical transfor- U2585, and A2602 in the peptidyl transferase active site
(Figure 1B), mutations atthese residues did not dramati- mation that takes place during these two reactions. The
attack of the aminoacyl-tRNA -aminogroup, a strong cally affect the overall in vitro rates of peptide bond
formation (Table 1). Although the assays used in this nucleophile, on the ester bond during peptide bond for-
mation can occur with reasonably high rates upon work do not directly allow addressing the catalytic rate
of peptidyl transfer, the mere fact that the mutant ribo- proper substrate orientation (Nierhaus et al., 1980).
Hence, the entropic factor—correct positioning of the somes are readily able to catalyze transpeptidation
shows that the nucleotide alterations do not impede the peptidyl- and aminoacyl-tRNA substrates—may be the
main acceleration factor of peptide bond formation. main acceleration factor provided by the ribosome for
this reaction. Similarly, mutations at C2063, A2451, and Since substrate binding requires multiple interactions
between the ribosome and tRNAs (Yusupov et al., 2001), U2585 did not dramatically affect the overall in vitro
rates of peptidyl-tRNA hydrolysis. In striking contrast, alteration of single nucleotides in the peptidyl trans-
ferase active site may not produce a dramatic effect on some base changes at A2602 had a profound negative
effect on the peptide release: the 2602C mutation and the overall rate of the reaction. In contrast, hydrolysis
of the ester bond during peptide release, driven by a the deletion of A2602 abolished the ribosome-mediated
peptidyl-tRNA hydrolysis in an RF-dependent or RF- less nucleophilic water oxygen, should depend more
strongly on chemical (possibly, general base) catalysis independent reactions while ribosomes harboring the
2602G mutation exhibited notably reduced activities involving activation of the water molecule (Jencks,
1969). In the latter case, alteration of a catalytic nucleo- (Tables 1 and 2).
It seems unlikely that mutations at 2602 interfere with tide will affect the reaction rate much more severely,
resulting in a dramatic drop in product formation— binding of the reaction substrates to the ribosome. In-
creasing the RF concentration could not rescue the ac- similar to what we have observed in our experiments
with 2602 mutant ribosomes. Thus, it is possible that tivity of A2602 mutants (Figure 2D), indicating that at
least with the mutants whose residual activity could thetwocriticalreactions mediatedbythepeptidyltrans-
ferase center during protein synthesis, transpeptidation be measured (2602U and 2602G), RF binding was not
limiting. Additionally, the 2602G, 2602C, and the 2602 and peptide release, may be promoted through different
catalytic mechanisms potentially involving distinct ele- deletion mutants were inactive in an RF-independent
peptide release assay where hydrolysis of peptidyl- ments of the peptidyl transferase center. In line with this
interpretation are the differential effects of antibiotics tRNA in the P site is stimulated by the binding of deacyl-
ated-tRNA in the A site (Table 2 and Figure 3). At the on these two reactions (Figure 4). The most significant
differences were evident with lincosamides and strepto- same time, these mutants possessed high levels of
transpeptidation activity in an assay where the reaction gramin A-type antibiotics. Apparently, these antibiotics
do not affect proper coordination of the water molecule substrates, peptidyl-tRNA and aminoacyl-tRNA, closely
resemble those employed in the RF-independent pep- required for the peptide release but interfere with a pre-
cise positioning of the A site ligand (the amino group tide release reaction (Tables 1 and 2). This suggests
that neither P nor A site tRNA binding was significantly of aminoacyl-tRNA)—a conclusion compatible with the
location of lincosamides binding site on the ribosome perturbed in the 2602 mutant ribosomes. Such conclu-
sion is in agreement with the previous observation that (Schlu ¨nzen et al., 2001).
In the cell, the reaction of the nascent peptide release A2602methylation bydimethylsulfatedoes notinterfere
with tRNA binding in the ribosomal P site (Bocchetta et strictly depends on the action of class 1 RFs (Ito et al.,
1998; Ryden and Isaksson, 1984). However, the ability al., 1998). Since the A2602 mutations do not interfereMolecular Cell
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of the ribosome to hydrolyze peptidyl-tRNA in vitro in is yet another reaction of protein synthesis which possi-
the absence of RF (Caskey et al., 1971; Zavialov et al., bly is inherent to the ribosomal RNA and may be a relic
2002) and our mutational data point to the ribosome, of the RNA world. The assisting protein factors probably
and more specifically to 23S rRNA, as the main catalyst evolved to fine-tune and enhance the ribosome perfor-
of this reaction. What is then the role of the class 1 RFs manceinthetightlyregulatedprocessofproteinsynthe-
in peptide release? We favor the view that the release sis in the modern cells.
factor plays a regulatory or trigger function in peptidyl-
tRNA hydrolysis while the chemistry of the reaction is Experimental Procedures
primarily driven by the ribosome itself. The structural
tRNAs flexibility (Nissen et al., 2000; A. Yonath and C. Duarte,
Formyl-[3H]Met-tRNA (14,300 dpm/pmol) was prepared by NEN Life personal communications) and the central location of
Science products (Boston, MA). Formyl-[35S]Met-tRNA, biotin-Phe- A2602 in the peptidyl transferase active site is compati-
tRNA, and [3H]Phe-tRNA were prepared and HPLC-purified as de-
ble with its possible role in coordinating a water mole- scribed (Marcker, 1965; Polacek et al., 2002).
cule for the attack onto the carbonyl carbon atom of
the ester bond linking the nascent peptide to tRNA.
Reconstitution of 50S Subunits
A2602 should assume such an orientation required for Mutations at positions C2063, A2451, A2602, and U2585 were engi-
the nascent peptide release only at the termination step neered in the cloned Thermus aquaticus 23S rRNA gene (Khaitovich
of translation, not in the elongation phase when this et al., 1999) by PCR mutagenesis as described (Polacek et al., 2001,
2002). Wild-type and mutant 23S rRNA were in vitro transcribed and would lead to a premature nascent peptide release. The
togetherwith5SrRNAandtotal50Ssubunitproteinsassembledinto switch in the mode of peptidyl transferase function—
50S subunits (in the presence of 0.5 mM of the macrolide antibiotic from peptide bond formation to peptidyl-tRNA hydroly-
RU69874) (Khaitovich and Mankin, 1999). The in vitro reconstituted
sis—occurs only in response to RF binding and may 50S subunits were reassociated with native T. aquaticus 30S sub-
involve repositioning of A2602 into an orientation suit- units as previously described (Polacek et al., 2001).
able for peptide release (Figure 5). The universally con-
served GGQ motif of the class 1 RFs may directly con- Peptide Bond Formation
tribute to placing A2602 in the catalytically active The transpeptidation activity of 70S ribosomes containing in vitro
conformation. The possibility of interaction of the GGQ reconstituted50SsubunitswasmeasuredusingtheSPARKtechnol-
ogy employing two complete tRNA substrates (Polacek et al., 2002). motif with A2602 is supported by crystallographic struc-
14 pmol of ribosomes were incubated with 50 g poly(U) and 14 tures of eukaryotic and bacterial RFs as well as by bio-
pmol N-biotin-Phe-tRNA for 15 min at 37C in a buffer containing chemical data showing that the GGQ segment of the RF
11.7 mM Tris/HCl (pH 7.5), 8.3 mM HEPES/KOH (pH 7.5), 11.7 mM
can reach into the ribosomal peptidyl transferase center MgCl2, 233 mM NH4Cl, 3.5 mM spermidine, 0.05 mM spermine, 4
where it will be positioned close to A2602 (Song et al., mM -mercaptoethanol, and 0.12 mM EDTA. The reaction was initi-
2000; Vestergaard et al., 2001; Zavialov et al., 2002). The ated by the addition of 15 pmol [3H]Phe-tRNA (6000 cpm/pmol) and
performed at 37C for 25 min in a final volume of 30 l. The reaction proximity of the GGQ loop of RF to A2602 is further
wasstopped bytheadditionof SPAbeadsinsolution containing125 revealed by hydroxyl radical mapping: A2602 was the
mM EDTA and the product analyzed using the scintillation proximity only nucleotide in the ribosomal peptidyl transferase
technique as described (Polacek et al., 2002). Under these condi- center that was directly hit by a probe attached near
tions,11%4%ofthetRNAsubstrateswereconvertedintodipepti-
the GGQ motif of E. coli RF1 (Wilson et al., 2000). Since dyl-tRNA product.
A2602 in the large ribosomal subunit RNA and the GGQ The transpeptidation activity of native T. aquaticus ribosomes (19
motif in the class 1 release factors are universally con- pmol) was assessed by using the SPARK-Pmn reaction employing
54 pmol f[3H]Met-tRNA and 37 pmol biotin-puromycin (BiotPmn) as served, our model is equally applicable to translation
reaction substrates (Polacek et al., 2002). In antibiotic sensitivity termination in all evolutionary domains. In vitro, in the
experiments, the drugs were added after P-site tRNA binding to a RF-independent peptide release reaction, the presence
final concentration of 100 M (250 M for chloramphenicol) and of deacylated tRNA in the ribosomal A site and acetone
incubated 5 min at 25C prior to initiating the reaction with the
may induce a similar orientation of A2602, thus making addition of BiotPmn. The assay was performed at 37C for 25 min in
the peptidyl-tRNA hydrolysis possible even in the ab- a final volume of 30 l.
sence of the protein factor. Indeed, RNA probing
showedthattheaccessibilityofA2602tochemicalmod- RF1-Mediated Peptidyl-tRNA Hydrolysis
ification is affected by both tRNA and acetone (our un- 13.5 pmol ribosomes containing in vitro assembled 50S subunits
published results). were programmed with 0.8 nmol synthetic mRNA (UUCAUGUAA)
and incubated with 0.25–0.5 pmol formyl-[35S]Met-tRNA (46,000– Althoughcoordinationofawatermoleculebythebase
110,000 cpm/pmol) or formyl-[3H]Met-tRNA (30,000 cpm/pmol) for or sugar of A2602 seems plausible, other scenarios,
15 min at 30Ci n2 5l buffer containing 15 mM Tris/HCl (pH 7.5), such as coordination of a metal (Mg2	) ion, which can
10 mM HEPES/KOH (pH 7.5), 15 mM MgCl2, 280 mM NH4Cl, 4.2 mM potentially participate in the catalysis of peptidyl-tRNA spermidine, 0.05 mM spermine, 3.5 mM -mercaptoethanol, and
hydrolysis, cannot be excluded. Additionally, we cannot 0.14 mM EDTA. The peptidyl-tRNA hydrolysis reaction was initiated
discardthepossibilitythat mutationsatA2602mayhave by the addition of 20 pmol Thermus thermophilus RF1 (Ito and
an indirect allosteric effect on the other nucleotides in Nakamura, 1997; Ito et al., 2000) and performed at 25C in a final
volume of 50 l. The final buffer was 7.5 mM Tris/Cl (pH 7.5), 12.5 the peptidyl transferase center that may be critically
mM HEPES/KOH (pH 7.5), 7.5 mM MgCl2, 140 mM NH4Cl, 2.1 mM involved in peptide release.
spermidine, 0.05 mM spermine, 1.8 mM -mercaptoethanol, and Our results highlighting the potential involvement of
0.07 mM EDTA. The reaction was stopped by the addition of 5
a 23S rRNA nucleotide in peptide release are consistent volumes 0.1 M HC; the product, radiolabeled formyl-methionine,
with the hypothesis that peptidyl-tRNA hydrolysis is an was extracted into 1 ml of ethyl acetate (extraction efficiency was
intrinsic function of the ribosome itself rather than that 36%  4%) and either analyzed directly by liquid scintillation count-
ing or resolved by paper electrophoresis in 5% acetic acid, 0.5% of a protein factor. Therefore, it appears that terminationCritical Role of A2602 in Translation Termination
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pyridine (pH 3.5) (Monro and Marcker, 1967) and then quantified manuscript and useful suggestions, and M. Ehrenberg, C. Duarte,
and A. Yonath for sharing their results prior to publication. This work using a Molecular Dynamics phosphorimager.
In reactions with native ribosomes, T. aquaticus ribosomes (7 was supported by a Grant from the National Institutes of Health (GM
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